Two different local-density approximations, the Gáspár-Kohn-Sham and the Perdew-Zunger approximations, of the density-functional method have been used to calculate structural and electronic properties of polyethylene systems with several different dihedral angles. For each system, the CC bond lengths and the CCC and HCH bond angles are optimized simultaneously. All the parameters appear to be strongly coupled with torsional freedom and vary with the change in dihedral angle in a pattern similar to that of the total energy. The total energy has an absolute minimum for the planar zigzag conformation but a distinct local minimum for the quasistable helical conformation. Another minimum occurs in the energy curve close to this gauche minimum. The calculated valence and conduction bands are discussed and compared with other theoretical calculations and experiment.
INTRODUCTION
Polyethylene-with perhaps the simplest primary structure of any polymer, ͑CH 2 ͒ n -is at the same time one of the most technologically and commercially important as well as one of the most experimentally well-characterized polymeric materials known. Because of these characteristics, polyethylene is frequently used as a standard test case for new developments of theoretical techniques and methods before investigating more complicated structures. Crystals of polyethylene are also easily synthesized with a high degree of purity, allowing the experimental determination of very precise structure parameters. [1] [2] [3] [4] [5] The mechanical and elastic properties of this material have been an ongoing subject for both theoretical and experimental study for several decades. 6 Furthermore, angle-resolved photoemission experiments on linear alkanes, CH 3 ͑CH 2 ͒ 34 CH 3 , 7, 8 have been used to derive the valence-band structure of polyethylene. Thus, not only the results of the theoretical calculations of the geometrical structure but also of the electronic structure can be compared with experiment.
Previous theoretical studies range from semiempirical to first-principles methods. Most previous electronic structure calculations on polyethylene, and on polymers, in general, have ranged from semiempirical calculations [9] [10] [11] [12] [13] [14] [15] to ab initio calculations [16] [17] [18] [19] including correlation effects from many-body perturbation theory. 20 Unlike the case in solidstate and molecular physics, density-functional approaches have not been widely used for polymers, with a mere handful of local-density functional ͑LDF͒ calculations applied to polyethylene. [21] [22] [23] Most of the electronic structure calculations on polyethylene have been carried out for the planar zigzag conformation with a dihedral angle of 180°, or for structures with dihedral angles close to the planar carbon backbone conformation. Helical conformations of macromolecules have been widely known especially for some biopolymers such as proteins or DNA. The problem is the same as that of a small molecule in which the total energy will vary with dihedral angle. By changing the dihedral angle between neighboring CCC planes helical structures are introduced, in contrast to the translational symmetry present in the planar zigzag conformation. Such structures require the use of dramatically larger unit cells for band-structure calculations unless helical symmetry is directly incorporated into the electronic structure calculation. This was first proposed for semiempirical methods 12 and later for an ab initio approach. 24 Karpfen and Beyer 17 performed Hartree-Fock ͑HF͒ calculations on polyethylene, calculating the total energy for a range of helical angles. No such comprehensive study of the total energy as a function of backbone dihedral angle has been made using LDF methods, although Springborg and Lev 23 report a study of a calculated LDF energy over a very limited range of dihedral angles close to 180°w
ith the results severely disagreeing with previously reported ab initio results.
The work presented herein describes the results of a systematic evaluation as a function of conformation, in particular as a function of dihedral angle, of the electronic structure and total energy of polyethylene within a local-densityfunctional approach using a contracted Gaussian orbital-type basis set. One of the authors has recently extended a firstprinciples local-density-functional approach, developed originally to treat the electronic properties of chain polymers with translational periodicity, 25, 26 to calculate the total energies and electronic structures of chain polymers with helical symmetry. This method calculates the total energy and the electronic structure using local Gaussian-type orbitals within a one-dimensional band-structure approach. A preliminary study of polyethylene was presented in an earlier paper as a test of the algorithms used. 27 In contrast to the previous pa-per where all internal coordinates but the backbone dihedral angle were held fixed, the current work includes optimization of both the backbone and the substituent conformation. We find that the total energy, the carbon-carbon bond length, and the carbon backbone bond angle exhibit similar features as a function of backbone dihedral angle. Each shows an absolute minimum at the planar zigzag angle of 180°, a local minimum around the gauche conformation of 60°, and a local maximum for the rotational energy barrier height at about 120°. Furthermore, a satellite structure appears in these curves for a backbone dihedral angle of about 80°, close to the gauche minimum. The quasistable gauche minimum will be discussed because it corresponds to a commonly observed stable conformation in many polymers, especially biopolymers such as proteins and DNA.
THEORY
In this work, we use the local-density-functional approach based on a linear combination of Gaussian-type orbital originally developed for molecular systems, 28, 29 and extended to two-dimensionally periodic systems 30 and chain polymers, [25] [26] [27] to calculate the total energies and electronic structures of helical chain polymers. We present below a brief overview of this approach, with special attention paid to those aspects of this scheme that are specific to helical polymer systems. Full details of the approach are reported elsewhere. 27 Let us begin by defining the systems that we shall consider. Borrowing concepts from solid-state band-structure theory, we can define a helical chain polymer as a nuclear lattice constructed from a finite basis of atoms and a screw operation S(h,). For mathematical convenience, we define the screw operation in terms of a translation h units down the z axis in conjunction with a right-handed rotation about the z axis. That is, S͑a, ͒rϵ ͩ x cos Ϫy sin x sin ϩy cos zϩh
with the screw operation henceforth denoted as S, with arguments h and implicitly understood. Because the symmetry group generated by the screw operation S is isomorphic with the one-dimensional translation group, Bloch's theorem can be generalized so that the one-electron wave functions will transform under S according to
The quantity is a dimensionless quantity which is conventionally restricted to a range of ϪϽр, a central Brillouin zone. For the case ϭ0 ͑i.e., S a pure translation͒, corresponds to a normalized quasimomentum; i.e., ϵkh, where k is the traditional wave vector from Bloch's theorem in a solid-state band-structure theory, and h is the primitive lattice translation. The one-electron wave functions i are constructed from a linear combination of Bloch functions j , which are in turn constructed from a linear combination of nuclearcentered Gaussian-type orbitals j ͑r͒ ͑in this case, products of Gaussians and the real solid spherical harmonics͒,
The one-electron-density matrix is then given by
where n i () are the occupation numbers of the one-electron states, j m denotes S m j ͑r͒, and P i j m are the coefficients of the real lattice expansion of the density matrix given by
The total energy for the polymer system is given in atomic units by
where Z n and R n denote the nuclear charges and coordinates within a single unit cell, R n m denotes the nuclear coordinates in unit cell m ͑R n m ϵS m R n ͒, and ͓ 1 ʈ 2 ͔ denotes an electrostatic interaction integral,
Rather than solve for the total energy directly as expressed in Eq. ͑8͒, we follow the suggestion of earlier workers to fit the exchange-correlation potential and the charge density ͑in the Coulomb potential͒ to a linear combination of Gaussian-type functions. The methods used are essentially a straightforward extension of fitting methods developed for molecular calculations. For the exchange-correlation functional, two localdensity approximations were used: the Gáspár-Kohn-Sham ͑GKS͒ exchange approximation ͑or the Hartree-Fock-Slater model͒, 31, 32 and the Kohn-Sham exchange functional together with the Perdew-Zunger 33 ͑PZ͒ analytic fit to the numerical electron-gas correlation results of Ceperley and Alder. 34 The Gaussian orbital and auxiliary basis sets used were optimized for LDF calculations by Godbout et al. 35 Using Huzinaga's notation, 36 the hydrogen atoms had a ͑41/1*͒ contraction pattern, and the carbon atoms had a ͑7111/411/1*͒ contraction pattern. Auxiliary fitting functions consisting of four s functions and four sets of s, p, and d functions chosen to share the same exponents, denoted as a ͑4,4;4,4͒ auxiliary basis, were used on the carbon atoms, while a ͑3,1;3,1͒ auxiliary basis was used for the hydrogen atoms.
RESULTS
Based on the formalism described above, the total energy and electronic band structure has been calculated for the polyethylene system over a range of carbon backbone dihedral angles. Only dihedral angles larger than 40°have been considered because of the large steric repulsion present for conformations with larger helical twists. At each dihedral angle we minimized the total energy with respect to the carbon-carbon bond length, the carbon backbone bond angle, and the hydrogen-carbon-hydrogen bond angle. We included the carbon-hydrogen bond distance in a preliminary set of optimizations and found that the optimum choice of this internal coordinate is relatively insensitive to the choice of backbone dihedral angle. Thus we have fixed the carbonhydrogen bond distance at the average value of 1.10 Å. In Table I , we list the optimized values for these internal coordinates at each given carbon backbone dihedral angle examined for both the GKS and PZ local-density functionals. We also tabulate the calculated torsional potential for the polyethylene helix, where the torsional potential is defined as the total energy per CH 2 unit relative to the energy of the alltrans conformation. The calculated CC bond lengths of 1.534 and 1.515 Å for GKS and PZ, respectively, are in good agreement with the experimentally suggested values of 1.53 Å from x-ray-scattering results, 1-4 and 1.58 Å from neutron scattering. 5 Our theoretical results can also be compared with two other first-principles results: 1.56 Å obtained from an ab initio HF calculation by Karpfen, 16 and 1.52 Å obtained from the LDF calculation of Springborg and Lev. 23 This latter LDF calculation used an LDA scheme with a linear combination of muffin-tin orbitals ͑LMTO͒ basis set. The calculated carbon backbone bond angles of 113.0°for both the GKS and PZ results are both in excellent agreement with the experimentally suggested range [1] [2] [3] [4] [5] Figure 1 depicts the torsional energies as a function of dihedral angle for both our GKS and PZ LDF calculations, and compares these results with ab initio HF results of Karpfen and Beyer. 17 The HF calculations used a STO-3G basis set and allowed optimization of the carbon backbone bond angle. All three sets of results agree with each other qualitatively. The rotational barriers around the eclipsed position ͑dihedral angle of 120°͒ of the carbon-carbon backbone bonds at 3.6-3.7 kcal/mol agree with the value of 4.0 kcal/ mol from HF results and are consistent with typical rotational barriers for alkane systems. All three curves have a second local minimum about the all-gauche conformation of the carbon backbone, at roughly 55-60°. For our LDF results these minima lie 0.4 and 0.1 kcal/mol above the alltrans conformation, somewhat lower than that calculated by the HF approach. All three curves exhibit a nonquadratic curvature in this gauche minimum that leads to a broadening of the well through dihedral angles of 70-80°. For the GKS calculations, we even find a third local minimum in the torsional potential curve. This undulating behavior in the Morokuma 15 ascribes the complex behavior of this gauche minimum to competing effects between the various nextnearest-neighbor, second-nearest-neighbor, etc., interactions of the CH 2 units when the total energy is divided into intrasegment and intersegment contributions within the CNDO/2 approximation. Within his analysis, the nearest-neighbor ͑0-1͒ interaction is the dominant cause of the local maximum around the 120°eclipsed conformation, and has a local minimum near the 60°gauche conformation that it contributes to the total energy. Around the gauche minimum, the other contributions vary dramatically. The second-nearestneighbor ͑0-2͒ interaction decreases monotonically as the dihedral angle is decreased, while the on-site ͑0-0͒ contributions and third-nearest-neighbor ͑0-3͒ interactions are repulsive and partially compensate the 0-2 interaction. According to Morokuma's analysis, therefore, the gauche minimum is the result of a delicate balance between intersegment interaction, and small changes in the approach used can modify the detailed shape dramatically. We thus do not believe that this complex structure is explicitly an artefact of the choice of algorithm or exchange-correlation functional, except indirectly as any such choice will change the balance between energy contributions.
Springborg and Lev 23 also reported a torsional potential using LDF methods based on LMTO basis sets in a limited range of dihedral angles from 150 to 180°. Their reported values of the torsional potential are more than an order of magnitude larger than the results reported herein or earlier HF and semiempirical results. At the 150°dihedral angle Springborg and Lev calculate a torsional potential of 47 kcal/ mol, compared to our LDF calculated values of 1.5 kcal/mol. Despite the assertion of Springborg and Lev that earlier methods might significantly underestimate the torsional potential of carbon backbone polymers, such large values are inconsistent both with our current LDF results and the general trend of alkanes to have rotational barriers less than 10 kcal/mol. Figure 2 depicts a comparison of the variations in the polyethylene internal coordinates, torsional potential, and Mulliken population of carbon as a function of dihedral angle for our LDF results using the PZ potential. The internal coordinate curves all appear strongly correlated with the changes in the torsional potential curve, as expected. As the dihedral angle is varied through the eclipsed position at 120°, we see that both the carbon-carbon bond length and the carbon backbone bond angle increase to minimize the increase in steric repulsion present in the eclipsed conformation. The hydrogen-carbon-hydrogen bond angle changes by decreasing in smaller magnitude than the carbon backbone bond angle; this is presumably a response to the changed effective hybridization of the carbon atom. Around the gauche minimum the internal coordinates display a similar correlation with the torsional potential curve. The near maximum at about 70°in the torsional potential curve is mirrored in the extrema or near extrema in the internal coordinate curves, indicating a steric repulsion effect in the carbon backbone as the dihedral angle is varied through this range.
Let us now examine the one-electron band structure within our approach. Figure 3 depicts our calculated valence bands and low-lying conduction bands for the all-trans conformation using both the GKS and PZ LDF approximations. The all-trans conformation possesses a reflection plane containing the helical axis, and this reflection plane symmetry operation commutes with the helical operator. The solid lines and dashed lines for the bands in Fig. 3 , therefore, denote electron states that are symmetric ͑-like͒ and antisymmetric ͑-like͒ under the reflection operator. The lowest-lying valence band is seen to belong to the symmetric representation, and is typically associated with carbon 2s bonding between backbone carbons. The next two valence bands cross and belong to opposite symmetries; these bands are typically associated with the carbon-hydrogen bonds. We note that the reflection symmetry will be broken when the dihedral angle is rotated away from the all-trans conformation, and then the one-electron bands will not cross, but be expected to have avoided crossings near the all-trans conformation crossing points.
In general, we find that the GKS and PZ band structures are similar with little qualitative difference, with the predominant effect of the treatment of correlation being a shift of the PZ bands to 0.5-1.0 eV lower energy than the GKS bands. The calculated band gaps are 7.7 ͑GKS͒ and 8.0 eV ͑PZ͒, which are both in rather good agreement with the ex- perimental result of 8.8 eV, 37 and compare to a HF value of 13.4 eV. 38 This agreement is unexpected insofar as LDF methods typically underestimate band gaps substantially in semiconductors by 20-50 %. In general, however, our results for band gaps agree with typical expectations for LDF results that their agreement with experiment is somewhat better for certain quantities like the band gap than HF results, while qualitatively similar to results expected for a good semiempirical approach. Our one-electron eigenvalues appear to lie about 3-5 eV higher than experimental values. For example, we calculate the maximum of the valence band to be Ϫ5.4 eV ͑GKS͒ and Ϫ6.4 eV ͑PZ͒, compared to experimentally suggested values of the ionization potential of 9.6-9.8 eV. 7 In Fig. 4 we depict our calculated PZ bandstructure results for all-trans polyethylene with a translational unit cell ͑i.e., C 2 H 4 ͒, and compare them with angleresolved photoemission experiments by Fujimoto et al. 8 We see good agreement between theory and experiment in the valence bandwidths and general location of the bands in the Brillouin zone, after adjusting for a rigid shift in energy. Seki et al. 7 report an experimental value for the low-lying carbon backbone -bonding bandwidth of 7.2 eV, compared to our calculated bandwidth of 6.0 eV ͑GKS͒ and 6.1 eV ͑PZ͒. For the all-trans polyethylene conformation, the next two valence bands belong to different irreducible representations of the reflection group and cross, requiring us to consider the total bandwidth of the two bands. We calculate this combined bandwidth to be 5.4 eV ͑GKS͒ and 5.3 eV ͑PZ͒, compared with an experimentally suggested value of 6.7 eV. 7 The calculated gap between the lowest valence band and the minimum of the higher valence bands is 2.1 eV ͑GKS͒ and 2.2 eV ͑PZ͒, compared with an experimental value of 2.0 eV. 7 Finally, our calculated total valence bandwidths are 13.3 ͑GKS͒ and 14.0 eV ͑PZ͒, compared to an experimental value of 16.2 eV. 7 These results can be compared to a HF calculated bandwidth of 19.3 eV ͑Ref. 16͒ and a LDA calculated bandwidth using LMTO basis functions of 17.4 eV. 23 In Fig. 5 , we compare the PZ band structure for all-trans polyethylene with the PZ band structures at two other choices of dihedral angle corresponding to the eclipsed conformation ͑120°͒ at roughly the maximum of the torsional potential, and the all-gauche conformation in the secondary minimum. We note the avoided crossing in the valence bands for dihedral angles other than 180°. We find the same general trends in the change in band energies with change in dihedral angles as earlier reported by Springborg and Lev dral angles from 155°to 180°. In both our calculated results using GKS and PZ, the lowest valence band varies only slightly with the change of dihedral angle, with the dominant effect a raising of the band at the Brillouin-zone edge with decreasing dihedral angle. The upper two valence bands have more pronounced changes with variations in dihedral angle. As the dihedral angle is lowered from 180°the two bands increase their separation at the zone center, while decreasing their relative separation at the zone edge. In both cases their average energy rises as the dihedral angle is lowered from the all-trans planar conformation.
SUMMARY
We have carried out the first LDF total-energy calculation of the torsional potential and electronic properties of polyethylene through a range of dihedral angles encompassing both the all-trans and all-gauche local minima. Both the Gáspár-Kohn-Sham and the Perdew-Zunger local-density approximations have been used to calculate the structural and electronic properties of a single polyethylene chain with helical symmetry over a range of carbon backbone dihedral angles. The all-trans planar carbon backbone conformation was found to be the equilibrium geometry in agreement with experimental measurements and other theoretical results. In agreement with previous ab initio and semiempirical results, we find a complex structure in the all-gauche local minimum which is ascribed to long-range interactions in the helical chain. We find good agreement of the one-electron band structure with current angular resolved photoemission experiments and other theoretical work. For polyethylene, we find this LDF approach capable of both determining structural and electronic properties in agreement with experiment, and plan to extend our efforts to more complex organic and biologically-oriented polymeric systems.
